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Samples o£ material in the spoil banks left by sur-
face coal mining operations in Henry County ~ssouri were 
taken from various depths and preserved to prevent further 
oxidation of the pyrite in the samples. Quantitative 
determinations were then made for sulfate and sulfide 
sulfur. It was shown that near the surface the sulfide 
sulfur concentrations were much lower than those at greater 
depth. while sulfate concentrations were higher near the 
surface than at depth. Since this is probably the effect 
Qf years of oxidation of the pyrite, it can be used to show 
at what depth the pyrite is being oxidized. The sulfide 
concentrations increased dramatically below a depth of 
two feet, so it was concluded that most of the oxidation 
took place in the top two feet of the spoils. 
Preliminary methods were developed £or using the 
sulfate and sulfide determination along with calcium and 
magnesium determinations to predict the quantity of acid 
that the spoil pile was capable of producing. 
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I. INTRODUCTION 
A. The Problem. 
During recent years, a great deal of attention has 
turned to the problem of protecting our valuable water 
resources from the effects of highly acid waters that flow 
from many mdning operations, including coal strip mines. 
This water, called acid mine drainage, is produced when 
natural sulfide minerals, notably pyrite, are exposed 
to the oxygen and moisture in the atmosphere. The 
1 
oxidation o£ pyrite followed by solution of the resulting 
by-products results in an acid water~ Generally this 
mechanism is now fairly well understood, and control methods 
are being developed and applied. Many details remain 
unresolved, however, and the cost of acid mine drainage 
control is still very high. 
It has been theoretically proposed and demonstrated 
in laboratory examples that burial of the pyrite will 
prevent its oxidation by excluding the oxygen that is 
needed £or the reaction. The unanswered question is how 
deeply the pyrite must be buried in the strip mine spoil 
banks to produce the desired reduction of acid production. 
If the pyrite is buried below the water table the produc-
tion of acid will be controlled because the small amount 
of oxygen dissolved in the water in the voids is not 
enough to produce significant oxidation of the pyrite. 
On the other hand, oxygen is abundant at the surface; and 
it is known that acid is produced at the surface. What 
happens in the aerated zone between the surface and the 
water table has not been demonstrated in the field. 
In laboratory simulations o£ the oxidation of buried 
pyrite, it has been shown that even a few inches of burial 
result in a much lower quantity of acid produced compared 
to the acid produced at the surface. No attempt had yet 
been made to find direct evidence of this in the field, 
although one investigation assumed that the oxidation was 
restricted to the top four inches. This conclusion was 
made because weathering had removed most of the clay in 
this layer, allowing easier access to air. This thesis 
is the result of an attempt to £ind out what evidence 
there is in the field to indicate the effect of depth on 
the production of acid mine drainage from pyrite in strip 
mine spoils. 
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In the process of solving this problem, a determina-
tion of the present distribution of pyritic and sulfate 
sulfur with depth were made for selected spoil piles. The 
data was a l so applied to other problems besides the depth 
at which oxidation of pyrite occurs. A preliminary method 
was developed for using the data to estimate the original 
and present potential acid production, and for determining 
the quantity of acid that has already been pr oduced but 
not yet removed from the spoil pile. It was also shown 
that it may be inadvisable to regrade old spoils because of 
the fresh pyrite which will be exposed in the process. 
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B. Importance. 
In recent years, with increased public interest in the 
environment, the government and the coal mining industry 
have spent large amounts of money to reclaim strip mined 
land and stop the acid mine drainage that flows from 
this land. At least 22 state governments have passed laws 
requiring this reclamation, and the federal government is 
considering such laws for the whole country~ Some of these 
laws require that soil cover four feet thick be placed on 
the leveled spoils to control the production of acidity 
from the pyrite in the spoils. To protect the environment 
and our water resources, it is necessary to know whether 
four feet is enough or more than is necessary. It is 
obvious that nearly hal£ of the cost of providing this 
soil cover can be saved i£ only two feet of cover will do 
the job as well. Since this soil cover is a major portion 
o£ reclamation costs it is hoped that costs can be reduced 
~thout reducing the effectiveness of the reclamation. 
The procedures developed for estimating potential 
acid production could be very valuable for planning 
reclamation programs, because these procedures will provide 
information needed to determine the amount of alkaline 
material needed to neutralize the acid that could be 
produced by a spoil bank. The available acid--the quantity 
o£ acid already produced but not yet removed from the spoil 
pile--indicates the amount of sulfuric acid in the spoil 
pile even if the oxidation o£ the pyrite has stopped. This 
value may be used to compute how much time will pass from the 
completion of reclamation to the end of the acid drainage. 
It is important to realize that this available acid will 
present water quality problems even .after it is neutralized, 
because the resulting sulfate compounds will then present 
a hardness problem. 
There are many old strip mine spoil banks which have 
been lying abandoned across the country for many years. 
With public pressure to reclaim these areas, the govern-
ment will be tempted to begin the process by having these 
spoils leveled to a more pleasing contour. If this operation 
is not part of a comprehensive reclamation program it will 
only result in more damage to our water resources, because 
the exposure of additional pyrite to the air will make more 
acid mine drainage. 
c. Basic Approach to the Problem. 
With the passage of time, the oxidation of the pyrite 
will cause a reduction of sulfides and an increase in 
sulfate sulfur in any portion of the spoils that is exposed 
to oxygen. Some of this sulfate sulfur may then dissolve 
and move within the spoils or may even be removed from 
the spoils in solution. After several years have passed, 
it is expected that a measurable reduction in sulfides will 
be shown where there has been oxidation and that a corre-
spond~g increase in sulfate sulfur may also be evident. 
Since this research does not cover a long enough period of 
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time to measure the sul£ide concentration when the spoils 
were first deposited and then again several years later, it 
was neccessary to rely on the random initial distribution 
of the pyrite. I£ it is assumed that little or no oxidation 
occurred at depths belew about ten feet or below the water 
table, then the sulfide concentrations at these depths 
would serve as indicators of the sulfide concentrations 
initially throughout the spoil pile. Samples which have 
low concentrations of sulfide compared to this initial 
sulfide concentration are theorized to have been oxidized. 
The remaining conclusions come directly from the relative 
sulfur concentrations and the stoichiometric reaction 
which describes the oxidation of pyrite by oxygen and 
moisture. 
II. REVIEW OF LITERATURE 
The Federal Water Pollution Control Administration 
(1969) collected a large mass of data on the extent of 
the acid mine drainage problem in Appalachia and on 
some attempts to control it. The Appalachian Regional 
Commission (1969) report on these findings showed that 
the directly measurable costs of acid mine drainage were 
relatively small but that indirect problems affecting 
wildlife and recreation resulted in high, but not meas-
urable, damages. 
The Ohio Research Foundation {1970) reported that the 
stoichiometric reaction involved in producing the acid 
mine drainage is: 
4 Fe~ + 15 02 + 14 H20 ~ 4 Fe(OH) 3 + 8 H2S04 
which occurs ~ three steps. These steps are: 
(1) 4 Fe~ + 14 02 + 4 H20 ~ 4 Feso4 + 4 H2so4 
(2) 4 Feso4 + 2 H2so4 + 02 -+ 2 Fe2(so4 )3 + 2 H20 
{3) 2 Fe2 (so4 }3 + 12 H20 _. 4 Fe(OH}J + 6 H2so4• 
They also determined that the rate of the oxidation of 
pyrite is a function of the pH, temperature, oxygen 
concentration, water partial pressure, the surface area 
6 
of the pyrite, and the concentrations of iron, sulfate and 
other ions. The rate determining reaction is the electron 
transfer between the oxidizing agent and the pyrite. In 
l -
1971 they reporte that submer~ed pyrite cannot get enough 
oxygen to cause an acid drainage . problem and that oxygen 
molecules are the ultimate oxidizing agent in the natural 
reaction. 
The Mellon Institute (1970) and the Department of 
Biology, Syracuse University, (1971) reported on the 
influence of three species of bacteria: Thiobacillus 
thiooxidans, Thiobacillus ferrooxidans, and Ferrobacillus 
ferrooxidans, which increased the rate of oxidation of 
pyrite. Some approaches to controlling these organisms 
were advanced. The effect of these bacteria has not been 
completely quantified. 
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Caruccio and Parizek (196?) noted that rocks deposited 
in a marine paleoenvironment commonly show indications of 
being deposited under reducing conditions, while rocks of 
continental origin show evidence of being oxidized. That 
means that pyrites would be more likely to occur in rocks 
associated ~th a marine paleoenvironment. They also found 
that alkaline waters produced by carbonates also associated 
with marine paleoenvironments could stabilize the pyrite by 
coating it with calcium carbonate. They found that these 
alkaline waters discouraged the growth of the iron 
oxidizing bacteria already mentioned. They performed 
laboratory leaching studies to evaluate acid production 
potentials for various spoil materials. They found that 
the acid potential of an area cannot be determined solely 
by the total sulfur contents but that inhibitory materials, 
bacteria, the granularity of the pyrite and the potential 
o£ alkalinity production also had to be considered. 
Ahmad (1973) points out that though burial o£ pyritic 
material is proposed as a means o£ controlling acid mine 
dra~age, no one yet knows the optimum depth. 
The Division o£ Plant Sciences, College of Agriculture 
and Forestry, West Virginia University (1971) performed 
laboratory tests in which crushed pyrite was buried at a 
variety of depths in miniature lysimeters. These lysi-
meters were then exposed to an artificial weathering and 
leaching process. Tests of the acidity of the leachates 
indicated a marked reduction of acid production when the 
pyrite was buried only three inches compared to when it was 
buried one-half inch. On the other hand, Lovering (1948) 
used geothermal gradients to show that pyrite was being 
oxidized at a depth of 600 feet in Arizona. 
Collier and Pickering (1967) studied the acid mine 
drainage o£ a small basin £or a long period o£ t~e during 
and a£ter active mining. After the mining stopped, they 
found that there was a gradual reduction of dissolved solids 
in the stream they studied. This indicates that the pyrite 
exposed to oxidation was probably being used up. 
During the course o£ a study on methods of controlling 
acid mine £rom coal mine refuse piles conducted by the 
Truax-Traer Coal Company (1971), several trenches were cut 
into the refuse pile to a depth of eight feet. The 
vertical section of the pile that was exposed was examined 
to provide a description of its internal structure. The 
top four to ten inches of refuse was found to be weathered 
so that most of the clay had been washed out while below 
this layer was a thin layer of clayey fines which was 
tightly packed. From this information it was concluded 
that little or no oxidation was occurring below the top 
four to ten inches of the refuse. No effort was made to 
prove the validity of this conclusion. 
Hill (1970) and Hill and r~rtin (1972) reported on 
the progress o£ a major, government sponsored reclamation 
project near Elkins, West Virginia. There it was shown 
that acid mine drainage does not stop immediately upon 
the completion of reclamation, which in turn shows that 
even after reclamation the acidic by-products o£ the 
oxidation of pyrite remain in the spoils to be washed out 
as acid mine drainage. 
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The M2ssouri Geological Survey and Water Resources 
(1969) and Robertson (1971) provide background information 
on the ~ssouri coal industry. Robertson states that the 
Tebo seam, which was mined at both of the areas examined in 
this study, contains three to eight percent sulfur, while, 
the Weir-Pittsburg coal may be from two and a half to five 
percent sulfur. 
Marbut (1898) provides general geologic information 
on the area studied indicating that the overburden removed 
to produce the spoils was mostly shale and thin seams 
of coal, except for a limestone ledge which caps the Tebo 
coal seam. 
Martin (1957) shows that the overburden in area II 
o£ this study was mostly shale and thin coal seams ~th 
the limestone ledge located about two feet above the Tebo 
coal seam. This mine was active in 1957 when martin did 
this work. 
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The American Society for Test~g and Materials (1973) 
describes a method, D 2492-68, of determining the quantities 
of the sulfur £orms present in coal. A modification of 
this method was used for the forms of sulfur determinations 
in this study. 
Kuhn, et al., (1973) compare the effectiveness and 
accuracy of the AST.M method just mentioned with that 
of a reducing method which uses lithium aluminum hydride. 
They found both methods accurate ~th the reduction method 
having some advantages for the eventual determination of 
~g~ic s~£~. 
The American Public Health Association, et al., (1971) 
provides methods for testing water including tests which 
are associated with acid mine drainage such as acidity, pH, 
and hardness. 
11 
III. FIELD WORK 
A. Location of Field Work. 
1. Geographic Location. 
Coal is mined in M2ssouri in the northern and western 
parts o:f the state. Strip mining is now the only method 
used :for mining this coal. Most ~ssouri coal is high in 
sulfur content. These three facts indicate that there 
should be many places in the state of ~ssouri where acid 
mine drainage problems could be studied. The field work 
:for this study was done in Henry County, because this 
county is a major coal producing county in the state, 
and because recent research conducted by Mr. Mdchael Ellis 
in Henry County could provide some useful background 
in!' ormation. 
In selecting specific areas within Henry County to 
study, it was desired to £ind two areas that had an acid 
mine drainage problem. At least one of the areas studied 
should have been mined quite a long time ago so that a 
large portion of the pyrite that was exposed to oxidation 
would have oxidized. The other area should not be quite 
so old to provide a comparison. 
Area I is part of the still active Power ~ne of the 
~eabody Coal Company. According to Mr. Douglas Ashby, 
sup rintendent o£ the Power Mine, the portion o£ the 
studied was mined about 1965. Since the sampling 
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years old. Mr. Ashby says that both the Tebo and the Weir-
Pittsburg coal seams were mined in this area o£ the mine 
and that their experience indicates that the worst o£ the 
acid producing material is that which comes from between 
the seams. This area was selected because there was a 
strip pit here which was filled with water that has a 
noticeable red color from the ferric ion present, 
indicating the probability o£ a very low pH. This water 
was measured to have a pH of 2.8. Two sampling sites were 
located near this strip pond. 
Area II is an old, abandoned strip mine on land now 
owned by Mr. Leo Nanneman. This land was mined some six-
teen years before the samples were taken, according to 
Mr. Nanneman. The Tebo coal seam was mined here. This 
area was selected because o£ its age and because there was 
one spoil pile in the area that was accessable to the 
truck ~th the sampling equipment • . The sampling site was 
located on top o£ this spoil pile. Near this site there 
were two strip pits filled with water. Due to the drainage 
o£ the area. one o£ these ponds did not receive much of the 
drainage from the spoils and thus was slightly alkaline, 
pH 7.8. The other pond which received most o£ 
the acid drainage was green in color due to the ferrous ion 
and had a pH of 3·7· 
2. Geology of the Location. 
Th se two areas were sufficiently similar geologically 
14 
before they were mined that they can be described together. 
For this study it is valuable to know the mineralogical and 
petrological constituents of the original overburden. 
Since this overburden is broken and mixed in the mining 
operation, it is not particularly neccessary to know the 
geologic section in great detail, so only a general 
description will be given. 
The entire original overburden in both areas lies in 
the Cabaniss Subgroup of the Cherokee Group of the 
Desmoinesian Series, which is ~ddle Pennsylvanian in age. 
Within the Cabaniss subgroup only the Verdigris, Croweburg, 
Fleming, Robinson Branch, Mdneral, ScammGn, Tebo, and Weir 
Formations are involved in the spoils studied. The 
following descriptions are based on Martin (1957) except 
for the description of the Tebo Formation which is based 
on Marbut (1898). 
The youngest formation involved in these spoils is 
the Verdigris Formation, which is up to fourteen feet or 
more thick in this area. 0£ this about three feet of 
thickness is limestone with the rest being shale. Three 
feet of the shale contains phosphate concretions, and nine 
feet of the shale contains noticeable pyrite. 
Under the Verdigris Formation is the Croweburg 
Formation which is a sixteen to twenty inch coal seam 
over five feet of underclay containing gypsum crystals. 
Below the Croweburg Formation lie the Fleming and 
the Robinson Branch Formation • These formations consist r 
of very thin coal seams over thin beds of underclay. 
Under the Robinson Branch formation is the ~neral 
Formation which is much like the two formations above it 
except for a thin limestone cap. 
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The next older formation is the Scammon Formation 
which consists of a thin coal seam, a few feet of under-
clay, a thin bed o£ limestone, and a few feet o£ shale 
with phosphate concretions. Including the three formations 
above the Scammon Formation and the Tebo coal seam below 
it as ~ell as the Scammon Formation itself, there is a 
total thickness of thirty-five feet. 
Below the Scammon Formation is the Tebo Formation, 
the top of which is the Tebo coal seam. The rest of the 
formation is eight to ten feet of shale whieh, according to 
experience at the Power Mine, must contain much pyrite. 
The oldest formation to be considered is the Weir. 
The top of this formation is the Weir-Pittsburg coal seam 
which was mined in area I. The remainder of the formation 
would not end up in the spoils and so has little bearing 
on this study. 
Since the Weir-Pittsburg coal seam was not mined at 
area II, the underclay of the Tebo Formation w211 not be in 
the spoils o£ that area. It is di£ficult to determine the 
top £ormation at area I, but it is reasortab~y certain that 
all o£ the Verdigris Formation and probably most o£ the 
Croweburg Formation was not present when mining started. 
The Verdigris Formation was the top formation in area I. 
16 
3. Location of the Samples. 
The samples were taken at .varying depths from sample 
holes designated by site letters. Site A was at the top of 
a pile of spoil• near the strip pit included in the 
description of area r. although about forty feet higher 
that the surface of the water. Although samples were taken 
to a depth of twenty feet, the water table was not reached. 
It must be noted that the sampling was done after a 
relatively dry period. 
Site B was located at the west end of the same strip 
pit and only a little above the water level. It was antic-
ipated that this site would give some samples below 
the water table and provide a useful comparison ~th site A 
which was in essentially the same spoil material. Though 
samples were taken to a depth of only eight feet, the water 
table was reached at a little less than six feet of depth. 
This site was sampled one week after site A; there had 
been no rainfall during that time, and the water in the pit 
was noticeably lower that it had been before. 
Site C was located near the top of a spoil pile in 
area II. This site was selected because it was the only 
place in area II where the truck and core drill could be 
moved to the top of the spoil pile. Some of the drainage 
of this spoil bank went into the pond with a nearly neutral 
pH which was about forty feet below site c. Most o£ t he 
drainag from this spoil bank flowed into the pond which 
had a pH o£ 3.7 thoughtins pond was about fifty yards a ay 
from site c. The water table was not encountered. Some 
obstruction in the spoils thwarted three attempts to get 
samples from deeper that fourteen feet. 
B. Equipment Used. 
The principal piece of field equipment used was a 
Diamond Drill Contracting Company portable core drill, 
model Mark IX. Though designed to obtain core samples of 
competent rock, it was found to be satisfactory in the 
soft spoils when used dry. The SPO drill rods used with 
a carbide tipped bit recovered cores that were about one 
and three-eighths inches in diameter. A larger BX, high 
recovery core barrel was acquireQ 1 but it was found that 
the portable core drill did not have enough power to 
use this bit size without using water to lubricate the 
bit and carry away the cuttings. It was, therefore, 
decided not to use the BX core barrel due to the diffi-
culties of providing the water and to the possibility 
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of having the water ruin the samples by dissolving and 
removing some of the sulfate. The core drill was mounted 
firmly on the rear bumper of a pickup truck which provided 
a firm base from which to drill and storage for drill rods 
and other accessories. Some additional samples were taken 
with a hand driven split spoon soil sampler. 
Besides the various tools and accessories associated 
With the core drill, the only other piece of equipment used 
in the field was a pocket transit, which was us d mostly to 
measure the slopes of the spoil piles. 
c. Sampling Procedure. 
1. Sample Selection. 
It was anticipated that near the surface the effect 
of a given change in depth on the oxidation rate would be 
greater than the effect of the same change in depth lower 
in the spoil bank. For this reason, samples were taken 
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at larger intervals with greater depth. At site A samples 
were taken at the surface and at depths of 0.5, 1, 1.5, 3, 
4, 5, 6, 8, 10, 15, and 20 feet. At site B samples were 
taken at the surface and at depths of 1, 2, 4, 6, and 8 
feet. At site C samples were taken at the surface and at 
depths of 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12, and 14 
feet. In all, 31 samples were taken from various depths at 
the three sites to be used for the sulfide and sulfate 
determinations. 
Additional samples were taken at all three sites down 
to a depth of two feet. These samples were used for other 
determinations that were performed to measure calcium and 
magnesium concentrations. 
2. Field Treatment of Samples. 
Since the primary objective of the whole project was 
to test for evidence of oxidation in the coal mine spoils, 
it was necessary to insure that no oxidation occurred in 
the samples after they were removed from the spoils. This 
was especially critical for the samples taken at greater 
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depths; because if these samples had not been exposed to 
oxygen since the day that the spoils were deposited, some 
of the very fine grained, freshly exposed pyrite particles 
might oxidize rapidly. To prevent this undesirable oxida-
tion, each sample was immediately split vertically and a 
portion that was estimated to have a dry weight of approx-
imately five grams was immediately placed in a glass sample 
jar containing eight milliliters of concentrated hydro-
chloric acid diluted to twenty milliliters with distilled 
water. The rest of each core was placed in a dry sample 
bottle ~th a tight fitting lid. 
Though the equipment used was capable of producing a 
single long core, the core was pulled immediately upon 
reaching the desired depth to minimize the exposure of the 
sample to an unnatural, uncontrolled environment. The 
samples taken from the surface were taken by scraping the 
surface of the spoils with a shovel. The samples taken 
from below the surface were taken in the form of a core 
that was from one to two inches long with the bottGm of the 
core being from the indicated depth. No sample was exposed 
to an uncontrolled environment for more than five minutes 
or exposed to the free atmosphere for more than one minute. 
The split spoon samp1es which were taken for the 
calcium and magnesium determinations were of the same form 
as the cores described above and were also placed in dry 
glass bottles with tight fitting lids to prevent drying 
of the samples. 
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IV. LABORATORY PROCEDURES 
A. Sul.fate and SuJ..fide Sul.fur Determinations. 
1. General Concept. 
The sulfur determinations were done by a method which 
was a modi.fication o.f the standard method o.f testing £or 
.forms of sulfur in coal, ASTM designation D 2492-68. 
Sulfate sulfur was determined by extracting the portion of 
the sample which was preserved in hydrochloric acid with 
additional dilute hydrochloric acid. Sul.fate is soluble in 
dilute hydrochloric acid while pyritic and organic .forms o.f 
sulfur are not. The quantitative analysis of the sulfur 
which was dissolved was made by gravimetric methods using 
barium chloride to form a barium sulfate precipitate. The 
iron which was di~solved in the hydrochloric acid was deter-
mined by titrating with potassium dichromate standard using 
barium diphenylamine sulfonate as the indicator. 
Sulfide sUlfur was determined by extracting the 
residue of the spoil sample left .from the sulfate deter-
mination with dilute nitric acid which dissolves the pyrite 
and possibly some of the organic sulfur if any is present. 
The quantity o.f iron dissolved by the nitric acid was then 
determined by titration as above. The quantity of pyritic 
iron present was used to compute the quantity of pyritic 
($'u1fide) s\ll.fur. Pyritic sulfur cannot be determined by 
pr cipitation as barium sul.fate because o.f the possibility 
of _organic sulfur being dissolved in the nitric acid. 
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The above determinations give the weights of the 
sulfate and sulfide sulfur and the total iron in the 
preserved sample, but the weight of the preserved sample 
is not precisely known. To determine the weight o£ the 
preserved sample, the portion of the sample which had been 
placed in the dry glass bottle was ~~d and crushed; and 
a one gram portion was weighed accurately. This was extract-
ed with dilute nitric acid, and the iron was again deter-
mined by titration. Comparing the weight o£ this sample and 
its total iron with the total iron of the preserved sample 
gives the weight of the preserved sample. 
2. Detailed Procedure. 
The detailed procedure is based upon AST.M testing 
method D 2492-68 which is a fairly long and complicated 
process. Since the basic method is widely available to 
anyone who would want to duplicate these determinations, 
only the modifications will be described here. These 
modifications will be keyed to the paragraph numbers of 
the basic AST.M test. Tlu·oughout the procedure all 
references to coal should be replaced by spoil. 
5.1.1. To prevent oxidation of the pyrite after 
the sample was taken, approximately 5 g of spoil was 
placed in 20 ml of RCl (2+3). This sample is transferred 
to a 250 ml Erlenmeyer flask, rinsing out the sample 
bottle with HCl {2+3) into the flask. Any large pieces 
o£ sample are broken up ~th a glass rod so that the sample 
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appears to be fine enough to pass a No. 60 sieve. The 
.flask is .filled to a little over 50 ml with HCl, ( 2+ 3) • The 
rest of the original paragraph is unchanged except that 
the residual spoil must be retained for the determination of 
pyritic sulfur. 
5.1.5. The procedure described in this paragraph must 
be followed so that the weight of the initial sample 
can be determined. 
5.2.1. The extraction of pyritic sulfur must be 
carried out on the residue from the HCl extraction of 
sulfate sulfur and on an accurately weighed sample o£ 
approximately 1 g of the original spoil. This second 
sample is dried and crushed to pass a No. 60 sieve. The 
iron content of the second sample is compared to the 
total iron content of the first sample to determine 
the weight of the first sample. 
6. The calculations are performed as shown in 
paragraphs 6.1, 6.2, and 6.2.1 except that W, the grams 
of sample used must be calculated as .follows: 
W-
(C - B1 ) + (D - Bz) 
E- B3 
(w) where 
W = grams of preserved sample used. 
C - milliliters of titrant required for titration of 
iron in HCl extract from preserved sample. 
B1 = milliliters of' titrant required for titration o£ 
the blank .for HCl extraction of' the preserved 
sample. 
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D - milliliters of titrant required for titration of 
iron in HN03 extract from preserved sample. 
B2 = milliliters of titrant required for titration of 
the blank for HN03 extraction of the preserved 
sample. 
D - milliliters of titrant required for titration of 
iron in HN03 extract from 1 gram sample. 
B3 = milliliters of titrant required for titration of 
the blank for HN03 extraction of the 1 gram 
sample. 
w = exact weight in grams of the 1 gram sample. 
3. Sources of possible error. 
The repeatablity of the basic procedure for the same 
person testing a portion of the same sample with the same 
equipment is 0.02% sulfate sulfur, 0.05% pyritic sulfur 
under two percent, and 0.10% pyritic sulfur over two 
percent. The above listed modifications introduce some 
unknown but probably small additional errors. 
The weight of the preserved sample was not determined 
directly but by comparison of iron concentrations with the 
iron concentration of a weighed sample. The accuracy of 
the test now depends on twice as many iron determinations -
as the basic procedure. Error is also added by any 
differences in the iron concentrations of the two samples. 
This latter error is kept small by taking both samples 
from the same core and by making both samples as represent-
ative of the whole core as time and equipment in the field 
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permit. 
Another source of error is that the preserved sample 
is not carefully crushed to where it will all pass a No. 60 
sieve, because ti is so important to get it into the bottle 
of hydrochloric acid quickly; and after that it would be too 
awkward to sieve the sample. This sample is broken up if 
necessary so that there are no large chunks, but it is 
still possible that some of the sulfate and sulfide sulfur 
will not be dissolved in the extraction process. 
B. Other Laboratory Determinations. 
1. Dry Unit Weight. 
The volumes of split spoon samples taken from a depth 
of about eighteen inches were measured by mercury displace-
ment. These samples were then oven dried at 105° c., and 
weighed to determine the dry unit weight. This value was 
used in the computation of potential acid production in the 
spoils. 
2. Calcium and Magnesium. 
Calcium and magnesium were determined in order to allow 
for the neutralizing effect of the carbonates o£ these 
elements in the computations of potential acid in the spoils. 
The method used was that used by Dr. Roy Koirtyohann, 
Associate Professor of Agricultural Chemistry, at the 
trace substances laboratory of the University o£ Missouri-
Columbia. Basically the sample was dried at 105° c., 
crushed to pass a No. 60 sieve and an approximately 
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3 g portion was weighed out to 0.1 mg accuracy. This was 
then digested in 20 ml of concentrated nitric acid for two 
hours at a temperature just below boiling. The sample was 
removed from the heat and allowed to cool and was then 
diluted ~th 50 ml of distilled, deionized water, reheated, 
and filtered through analytical filter paper. The filter 
was washed with about 20 ml of distilled, deionized water, 
and the filtrate was diluted to 100 m1 with distilled• 
deionized water. One percent lanthanum ion was added to 
eliminate sulfate interference. The concentrations of 
calcium and magnesium in the filtrate were then deter-
mined by atomic absorption spectrophotometry. 
3. Values of pH. 
The surface spoil samples and the water samples taken 
from the strip pits were tested for pH ~th an Orion model 
701 digital pH meter using the glass electrode method. The 
water samples were measured directly, and the spoils were 
tested by making a slurry which was measured directly. The 
slurry was made by adding an amount of distilled water 
equal in weight to the weight of the spoil sample and 
waiting for thirty minutes. 
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V. RESULTS OF LABORATORY WORK 
A. Sulfate and Sul.fide Sul.fur Determinations. 
Tables I, II, and III show the results of the sulfate 
and sulfide determinations at sites A, B, and C respective-
ly. These tables show the percentage as percent sulfur 
by weight compared to the dry weight o.f the spoil sample. 
In each table the third column is the ratio o.f the sul.fide 
sul.fur to the sul.fate sulfur. This value will be used in 
the analysis to · attempt to show the variation of' oxidation 
with depth. Figures 1, 2, and 3 are graphical representa-
tions of' the sulfide and sulfate values presented in 
tables I, II, and III respectively. 
B. Other Determinations. 
At site A the dry unit weight was found to be 102 pcf', 
and the pH of the surface spoils was found to be 3.2. At 
site B the dry unit weight was found to be 109 pc.f, and the 
pH of the surface spoils was found to be 2.4. At site C 
the dry unit weight was .found to be 115 pc£, and the pH of' 
the surface spoils was 4.3. These values will be used to 
determine the potential acid production capacity of' these 
spoils in the analysis. The pH of' the water in the strip 
pits was determined to indicate the severity o.f the acid 
mine drainage problem at each site and has already been 
given in the description of each site. 
Table IV shows the percentages of' calcium and 
magnesium by weight at each of the three sites. Since 
Table I. 
Sulfate and Sulfide Sulfur Concentrations 
at Site A--Area I 
Percent Percent Sulfide . to 
Sample Sul.fate Sulfide Sulfate 
Depth Sulfur Su1f'ur Sulfur 
in Feet by Weight by Weight Ratio 
o.oo 0.10 0.0077 0.077 
0.50 0.24 0.0098 0.040 
1.00 0.55 0.015 0.027 
1.50 0.042 0.14 3.3 
3.0 0.29 0.42 1.4 
4.0 0.55 0.22 0.40 
5.0 0.079 . 0.5 6.3 
6.0 0.090 1.0 ll 
s.o 0.027 o.oo66 2.4 
10.0 0.034 0.058 1.7 
15.0 0.10 1.1 11 























IGURE l . Su1£ate and Sul£ide Su1£ur Concentrations at Site A. 
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Table II. 
Sulf'ate and Sulf'ide Sul.fur Concentrations 
at Site B--Area I 
Percent Percent Sulfide to 
Sample Sulfate Sulfide Sulfate 
Depth Sul.fur Sul.fur Sul.fur 
in Feet by Weight by Weight Ratio 
o.oo 2.2 0.29 0.13 
1.00 0.63 0.0039 o.oo62 
2.0 0.96 0.81 0.84 
4.0 0.20 3.8 1.95 
6.0 0.015 0.26 17 
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FIGURE 2. Sulfate and Sulfide Sulfur Concentrations 





Sulfate and Sulfide Sulfur Concentrations 
at Site C--Area II 
Percent Percent Sulfide to 
Sample Sul.fate Sulfide Sulf'ate 
Depth Sulf'ur Sulf'ur Sulfur 
in Feet by Weight by Weight Ratio 
o.oo 1.0 0.054 0.054 
0.25 0.31 0.017 0.055 
0.50 0.73 0.0061 0.0084 
1.00 0.5? 0.049 o.o86 
1.50 0.14 0.0018 0.013 
2.0 0.21 0.27 1.3 
3.0 0.21 0.49 2.3 
4.0 0.0?2 0.0077 0.11 
5.0 0.57 1.1 1.9 
6.0 l..O 1.6 1.6 
8.0 0.88 3.1 3.5 
10.0 0.47 1.2 2.6 
12.0 o.o17 0.43 25 
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FIGURE 3. Sulfate and Sulfide Sulfur Concentrations 
at Site 0. 
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Table IV. 







































































these values are to be used to estimate the neutralizing 
capacity of any calcium or magnesium carbonates that may 
have been present, the total percentage is adjusted to the 
percentage of calcium that would have the same neutralizing 
capacity as the calcium which is available plus the 
magnesium which is available. 
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VI. ANALYSIS OF DATA 
A. Random Nature of Spoil Material. 
Bef'ore analyzing the data obtained in the laboratory, 
it is necessary to understand the random manner in which 
the material in the spoil pile is distributed and what 
effects this randomness has on the data obtained. Before 
the mining occurred, the material that now makes up the 
spoil bank was in sedimentary layers ~th the pyrite 
concentrated in those layers that were deposited in a 
reducing environment such as that required to preserve 
the organic material that became the coal. The pyrite 
may or may not have been uniformly distributed throughout 
each individual layer, but it was not evenly distributed 
throughout all o£ the layers. 
During the mining operation these s -edimentary layers 
were broken up, moved by large buckets and dumped in their 
present location. Since the mining in the areas studied 
was done before reclamation was attempted on any large 
scale, there was no organized effort to bury the pyrite 
As the shovel picked up the broken overburden near the high 
wall of the mine, some material would slide down the sides. 
When the shovel dumped its bucket load on the spoil pile, 
the material would roll and slide down the sides of the 
pile. All o£ this resulted in considerable mixing. Since 
many boulders and clumps of material remained intact and 
kept their chemical identity, the result of this mixing was 
not so much a uniform distribution as a random distribution 
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of materials. 
If there had been an even distribution o£ the pyrite 
throughout the spoils there might have been a clear 
relationship between the sulfide and sulfate concentrations 
and the depth from which the sample was taken. Such a 
relationship would have clearly shown where the oxidation 
was occurring. The random distribution that is actually 
the case, coupled With the small size o£ the samples, 
results in a scattering o£ the data. The general trends 
remain, however, to give an indication o£ where the oxida-
tion is occurring. 
In area I, where two coal seams were mined, there is 
one factor which upsets the random distribution o£ the 
spoils somewhat. Here the Tebo coal was mined in a manner 
which produced spoils like those described above; but 
a£ter this coal was mined, the strata between the Tebo 
coal and the Weir-Pittsburg coal were removed and placed 
on top of the other spoils. The experience o£ the coal 
company indicates that this parting between the coal seams 
produces the most acid. Because of this there is a layer 
which is high in pyrite on top of material that probably 
has less pyrite. 
In both areas there could also be an indication 
of oxidation at depth, because the flanks of one spoil 
pile will be exposed for some time before they are covered 
by the next spoil bank. This effect will probably be minor, 
however, because the period o£ time will usually be short, 
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rarely lasting over a month. 
B. Analysis of Sulfide Concentrations. 
The basic premise o£ this study was that variations 
of sulfide concentrations with depth could indicate the 
variations of' the rate o£ oxidation o£ pyrite with depth. 
The sulfide concentrations as shown in f'igures 1, 2, and 3 
indicate this trend. In each case the sulfide concentra-
tions are very low for the first 1.5 to 2 feet and then 
rise sharply. This indicates that almost all of' the oxida-
tion has been o:ccurring in the top two feet except that in 
each case the sulfide concentrations drop to very low levels 
again at a lower level. It is important to understand 
some of' the possible causes of this~ The random initial 
distribution of' the PYTite in the spoil bank could cause 
this reduction in the sulfide concentrations if these 
samples just happened to be taken from material that never 
contained pyrite. In fact any of the £actors described in 
the previous section could cause this reduction of pyrite 
concentrations at levels below two feet. 
Whatever the reason for the sudden reductions in 
sulfide concentrations below the top two feet, it is really 
only necessary to determine whether or not oxidation is the 
reason for the low sulfide concentrations. To this end it 
must be noted that at the surface, where we know that there 
has been oxidation, the sulfate concentrations are 
relatively high, while at the lower points where sul£ide 
is low the sulfate is also low. Th:i.s is a strong indica-
tion that major oxidation is occurring only in the top 
two feet of the spo:i.ls. 
c. Analysis o£ the Sulfate Sulfur Concentrations. 
The measured sUlfate sulfur concentrations are not as 
useful as the sulfide measurements because the sulfates 
produced by the oxidation of pyrite are soluble in water and 
can be removed from the place of oxidation by the flow 
of ground water. For this reason it is useful only in 
a very general way for indicating where pyrite is being 
oxidized. Figures 1, 2, and 3 do show a general trend of 
the sulfate sulfur concentrations to be high near the 
surface and decrease with depth. 
D. Analysis of the Sulfide to SUlfate Sulfur Ratio. 
It has already been shown that oxidation seems to be 
taking place where the sulfide concentration is l ow and 
the sulfate concentration is high. This suggests that 
the sulfide to sulfate ratio may serv as an indicator of 
the acid production that has occurred at that depth. 
Figure 4 is a graph of the sulfide to sulfate ratios 
at various depths for all three sites. Though there is 
still some random scatter of the data, some of the scatter 
caused by the random initial distribution of pyrite in 
the spoil bank has been removed. In drawing the curves 
which generalize the relationship between the sulfide to 
sulfate ratio and depth, a visual best fit was used. 
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These curves show that the sulfide to sulfate sulfur 
ratio at a depth of three feet is about ten times what 
it is at the surface. This indicates that oxidation is 
at least ten times more rapid at the surface as it is at 
a depth of three feet . The sulfate moves downward with 
the £low of the infiltrating ground water, reducing the 
sulfide to sulfate sulfur ratio in the lower portions of 
the spoils . This means that the surface oxidation rates 
are probably more than ten times as great as the oxidation 
rates at three feet. 
E . Overall Result . 
In the final analysis the results were not completely 
conclusive because the scatter of the data caused by the 
small size of the samples and the random initial pyrite 
distribution. In spite of this there was a definite 
tendency for the years of oxidation of the pyrite to cause 
a marked reduction in sulfide concentrations near the 
surface compared to greater depths. At these sites nearly 
all of the oxidation of the pyrite seems to have occurred 
in the top two feet of the spoil banks. 
It is clear that caution must be observed when old 
spoil banks such as these are leveled in reclamation 
projects. At the present time the pyrite that is exposed 
to oxidation is nearly exhausted, while below the top few 
feet there is an ample supply of fresh pyrite. If these 
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spoils are ever leveled it ~11 do more harm than good if 
an immediate effort to cover the pyrite is not made. 
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VII. ACID POTENTIAL 
There are three different acid potentials of interest 
that can be calculated from sulfide and sulfate sulfur 
determinations: the initial acid potential, the residual 
acid potential and the available acid. Acid potential is 
expressed as the number of tons of calcium carbonate that 
would be required to neutralize the acid produced by an 
acre of spoils. The neutralizing potential was determined 
from calcium and magnesium concentrations. Data from 
area I will be used for example calculations. 
A. Initial Acid Potential. 
The initial acid potential (APi) is an estimate 
of' the quantity of' acid which the fresh spoils were 
capable of producing by complete ox2dation of the pyrite 
in the oxidizing layer. If there was initially a random 
distribution of pyrite throughout the spoil bank and if 
no significant oxidation has occurred at a depth of 
more than five feet, then the average of all measured 
sulfide sulfur concentrations for samples from below 
five feet of depth is representative of the initial sulfide 
sulfur concentration. Since it has been demonstrated 
that most of the oxidation in both areas occurred in the 
top two feet of spoil, the oxidizing layer can be reasonably 
defined as all spoil material that is within two feet of 
th surface. 
In area I the average measured sulfide concentration 
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below a depth of five feet (Cg) is 0.57 percent. For a 
surface area of one square foot, two feet thick, the volume 
is two cubic feet. Since the dry unit weight ( 7d) is 
106 pcf, this volume weighs: 
(106) (2 £t.3) = 212 pounds. 
Since 0.57 percent of this is sulfide sulfur, there is: 
(212 lb.) (0.0057) = 121 pounds ., 
of sulfide sulfur in the two cubic feet of spoils. This 
is chemically equivalent to: 
(1.21) 
(1.21) 
(molecular weight of Caco3 ) 
(atomic weight of S) 
(100) 
{32) = 3.78 pounds Caco3 
= 
in the two cubic feet of spoil, or 3.78 pounds of Caco3 
equivalent per square foot of surface area. 
To convert slope area to map area, the slope area is 
divided by the cosine of the slope angle (e). In area I 
the slope angle is 37°• The cosine of 37° is 0.799. The 
conversion is: 
3.78 lb. CaC03/ft. 2 2 
= 4·73 lb. Caco3j£t. 0.799 
This is multiplied by 43,560 ft. 2/acre and divided by 
2000 lb./ton to convert to tons Caco3;acre. The conversion 
is: 
(4.73 lb. Caco3jft.2 )(43,560 ft. 2/acre) 
(2000 lb./ton) 
103 tons CaCO~/acre. 
= 
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This series of calculations, expressed as a single equation 
with all constants combined is: 




AP = acid potential in tons Caco3/acre. 
Td = dry unit weight of the spoil material in pcf. 
T = thickness of the oxidizing layer in feet. 
Cg = concentration of sulfide sulfur in percent. 
e - the slope angle from the horizontal. 
B. Residual Acid Potential. 
(A) 
The residual acid potential (APr) is an estimate of 
the acid that the spoils are now capable of producing 
provided that all of the remaining pyrite in the oxidizing 
layer is oxidized . Acid which has already been produced 
but has not been removed by the ground water flow is not 
considered part of the residual acid potential. 
Residual acid potential is computed in the same manner 
as the initial acid potential except that the value for the 
sulfide sulfur concentration is the average o£ the measured 
sulfide sulfur concentrations in the oxidizing layer. I£ 
this value is used for Cs in the equation for acid potential 
(equation A, page 44) the result is the residual acid 
potential. 
In area I the average of the measured sulfide sulfur 
concentrations in the oxidizing layer is 0.057 percent. All 
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other values are the same as those used in the initial acid 
potential example calculation. Entering these values into 






c. Available Acid. 
= 10.3 tons CaC03/acre. 
The available acid (Aa) is an estimate of the quantity 
of acid which has already been produced and has not yet 
been removed from the spoils in solution. disregarding 
neutralization effects. The available acid is more dif-
ficult to compute than the other acid potentials. This 
is because the distribution of the sulfate sulfur is not 
random. Since the sulfate sulfur is moved within the 
spoils. more than the oxidizing layer must be considered. 
For these reasons it is neccessary to develop a sulfate 
sulfur weighted sum value which will approximate the 
total sulfate sulfur in a column ~th unit cross sectional 
area. The weighted sum is approximated by taking the mean 
of the sulfate sulfur concentrations at the surface and 
the sulfate sulfur concentration at the next depth sampled. 
multiplying by the depth difference between these samples. 
and finally summing up this value with the same value 
computed for each level of depth. This approximation 
assumes that the concentration grades uniformly between 
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sampling points. Where more that one sample hole is 
available, the sulfate sulfur weighted sum is computed 
for each hole with these values and then averaged for the 
whole area. The sulfate sulfur weighted sum is then 
entered into the acid potential equation (equation A, 
page 44) for the value of (T) (Cs). 
In area I the sulfate sulfur weighted sum is 3.77 







= 341 tons Caco3jacre. 
This seems to be very high compared to the initial acid 
potential. One explanation could be that site B, which 
was averaged in with site A, is topographically low and 
could have received a substantial amount o£ sulfate £rom 
surrounding spoil banks. The sulfate sulfur weighted sum 
for site A alone is 2.85 which gives an available acid 
value of 227 tons Caco3jacre which is still too high. 
Possible explanations for this will be discussed later. 
D. Alkali Potential. 
The alkali potential (AlP) is an estimate of the 
quantity of acid that the calcium and magnesium minerals in 
the spoil bank are capable o£ neutralizing, provided that 
all of this capacity is used. This potential is expressed 
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in tons of Caco3 per acre foot £or comparison with the acid 
potentials. 
The procedure for calculating the alkali potential is 
the same as that used for calculating acid potential except 
that the atomic weight of calcium (40) is used instead o£ 





AlP = alkali potential in tons caco3;acre. 
1d = dry unit weight of the spoil material in pcf. 
T = thickness of the layer of interest in feet. 
(B) 
Cca = concentration of calcium equivalents in percent. 
9 = slope angle from horizontal. 
In area I the average concentration of calcium 
equivalents is 0.55 percent. It is assumed that this value 
is representative of calcium and magnesium concentrations 
throughout the spoil pile. The acid ~11 be moved through-
out the spoil bank by ground water, so it is possible that 
neutralization coUld occur at any point in the spoils. It 
is useful to look at the neutralization capacity of each 
layer so a value of one will be used for the thickness. 
This will give the alkali potential for each foot of thick-
ness. The specific gravity and slope angle are unchanged 
£rom previous calculations, so the alkali potential 







E. Discussion of Acid Potentials. 
= 40 tons CaC03/acre foot. 
Table v. shows the results of the calculations of the 
initial acid potential, residual acid potential, available 
acid, and alkali potential. These calculations have been 
shown for area I. For area II the dry unit weight is 115 pcf, 
the slope angle is 33°, the average sulfide sulfur concen-
tration below five feet is 1.53 percent, the average sulfide 
sulfur concentration in the t~p two feet is 0.066 percent, 
the sulfate sulfur weighted sum is 6.28 percent feet, the 
calcium equivalent concentration is 1.44 percent, and the 
oxidizing layer is considered to be two feet thick. 
These calculations show that it is possible to make 
estimates of the quantity of acid that may be produced by a 
spoil bank . The usefulness of these figures is limited 
because the data were limited to one or two sample holes in 
each area. vfuile it is hoped that the data obtained is 
representative of the entire area, this is statistically 
unlikely to be the case . The sulfate sulfur concentrations 
are particularly difficult to generalize from such a 
limited sample because of the mobility of the sulfate ion. 
Realizing these limitations, it is still possible to make 
sGme interesting observations. 
In both areas, 90% or more of the initial acid 
Table V. 
Acid and Alkali Potentials by Area. 
Area 
Initial Acid Potential 
in tons CaC03 I acre £or 
the top two feet. 
Residual Acid Potential 
in tons Caco3 I acre £or 
the top two feet. 
Available Acid 
in tons CaC03 I acre .for 
20 £eet of' spoil in area 




in tons Caco3 I acre foot. 
Total Alkali Potential 
in tons CaC03 I acre .for 
20 f'eet o.f spoil in area I and 















potential has already been consumed~ because the residual 
acid potential is ten percent or less of the initial acid 
potential . This shows clearly that leveling old spoil banks 
will increase the acid potential by burying the surface 
layer that has exhausted so much of its pyrite and exposing 
deeper spoil material to oxidation. 
A comparison o£ the alkali potential with the initial 
acid potential shows that there is plenty of alkali potential 
in only a few feet of spoils to neutralize the acid that 
is likely to be produced by the spoils. However it is 
known that more acid is produced than is neutralized because 
o£ the highly acid water in the strip pits and because of 
the very low pH of the spoil material. From this it is 
clear that all of the neutralizing potential is not used. 
The detai1ed explanation of this phenomenon is beyond the 
scope of this thes±s . It is probably caused by the fact 
that much o£ the calcium and magnesium in the spoil bank 
is not available for neutralization because of calcium 
sulfate deposits on the surface of the limestone particles 
and because much acid water avoids neutralization by moving 
over the surface or through the acid surface layers of the 
spoil bank. 
The most interesting results are the available acid 
figures which were consistently higher than would be 
expected. A detailed analysis is beyond the scope of this 
thesis, although some explanation is needed. The sulfate 
concentrations that are responsible for this high value 
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could have been caused by having an oxidizing layer much 
thicker than is indicated by the analysis of the sulfide 
sulfur concentrations- If this is the only source of this 
sulfate sulfur, all of the pyrite which was initially 
available in the top five feet of spoil would have to be 
ox2dized. This is not the case because there is still 
plenty of sulfide in the region between two and five feet 
deep. or there was more pyrite available initially than was 
estimated. If there was more pyrite available initially, 
there should be more pyrite left at depths below five feet. 
unless there has been significant oxidation at depths of 
from £ive to twenty feet. This would not be consistent 
~th current theory and laboratory determ~inations. The 
problem becomes even worse when the sulfate that has been 
removed in solution is considered. This amount should be 
high although it is unknown. 
Some other explanations of this excess sulfate sulfur 
include oxidation of sulfides in surface layers of spoil 
which have since been eroded away, sulfate ions brought in 
from other portions of the spoil bank• sulfides other than 
pyrite being oxidized, and sulfates being present in the 
spoil banks initially. Attempts to determine which of 
these, or what combination of them, is the explanation of 
this anomaly will have to await more detailed studies. 
It had been hoped that the sulfate sulfur concentra-
tions would be helpful in determin~g how much time must pass 
be~~en the completion of reclamation and the end o£ acid 
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mine drainage. The sulfate sulfur present in these spoils 
is there predominately in three forms; calcium or magnesium 
sulfates and sulfuric acid. It has been shown that there 
is enough calcium present to have all of the sulfate tied 
up in calcium sulfate although the low pH values of the 
spoils and the water in the strip pits show that much 
of the sulfate sul£ur is in the form of sulfuric acid. It 
cannot be determined just how much of the sulfate is in 
which form. The available acid is, therefore, only an 
indication of how much acidity and hardness may be entering 
nearby water sources after reclamation. If the available 
acid is determined before reclamation an idea of how long 
the pollution ~11· continue may be reached by monitoring 
the sulfate concentrations and flow rates of the drainage 
from the areas. 
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VIII. CONCLUSIONS 
With the recent increased interest in the environment, 
more pressure is being applied to surface coal mining 
companies to reclaim the stripped land and to stop 
undesirable water pollution, Acid mine drainage which is 
produced when iron pyrite is oxidized is the major water 
pollution problem. In an attempt to control the acid mine 
drainage, materials that are known to contain pyrite are 
buried so that oxygen cannot reach them. The expense of 
burying the pyrite deeply is high, yet it is not known how 
deeply it should be buried to prevent the oxidation of 
the pyrite which causes the acid mine drainage. 
This study shows that measurements of sulfide and 
sulfate sulfur concentrations at various depths can 
indicate how deeply the oxidation is taking place. It 
was specifically demonstrated that in the spoils examined 
most of the acid production occurs in the top two feet even 
after sixteen years of exposure to a moderate, temperate 
climate. 
It has been shown by this study that estimates of the 
acid potential of the spoil piles can be made using sulfide 
and sulfate sulfur determinations along with calcium and 
magnesium determinations. The example estimates for the 
spoils examined show that with the passage of eight to 
sixteen years over ninety percent of the pyrite in the 
top two feet was oxidized. This makes it clear that these 
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old spoil piles should not be leveled unless a new layer of 
soil is added immediately, because this leveling ~11 cause 
a tenfold increase in acid producing materials in the most 
important part of the spoil bank. The example estimate 
of available acidity shows that much of the acid produced 
is still in the spoil bank where it will continue to produce 
either acid mine drainage, hard water, or both for some time 
even after reclamation is completed. 
The natural capability of the spoils to neutralize 
the acid produced was determined from the calcium and 
magnesium concentrations of t~e spoils material. It was 
found that there was potentially enough neutraliztng 
capacity in the spoil banks studied to neutralize all of 
the acid that was ever likely to be produced. Obviously 
much of this potential neutralization is not realized 
because the spoils have a low pH and nearby strip ponds 
contain acid water. 
Unaccountably high sulfate sulfur concentrations 
have resulted in an available acid value which does not 
correlate with the other data. Additional research is 
needed to explain the anomaly. 
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IX. RECO~ffiNDATIONS FOR FUTURE WORK 
A. Site Selection. 
This study was conducted in an area where the spoil 
material was derived £rom an overburden that is dominated 
by clay and shale. The presence o£ significant quantities 
o£ sand in the spoils could have a marked effect on the 
depth of the oxidation by increasing the permeability o£ the 
spoil material. Future studies should include a wider 
variety of spoil types. Also, additional studies should be 
done in a variety of climates. 
Studies should also be conducted on sites where 
reclamation work has been completed. Once soil cover has 
been established, the depth of oxidation may be reduced; 
because the activity of aerobic and £aculative anaerobic 
microorganisms may remove all of the oxygen from any air 
passing through the soil in just a few inches. A study 
which would demonstrate this concept conclusively would be 
valuable. 
B. Sampling Methods . 
1. Preservation of Samples. 
The method used in this study to protect the samples 
from further oxidation appears to have been successful. 
This method did result in considerable complication of the 
laboratory procedure and also made more room for error. 
Studies should be made to determine whether or not this 
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extra effort is necessary. Laboratory studies could 
determine whether or not there was a significant difference 
between the values obtained on samples that were preserved 
by this method and the values obtained by oven drying the 
sample before running the determination. 
2. Collection o£ Samples. 
Larger samples should be taken to average out the 
variations caused by the random distribution o£ pyrite in 
the spoil ptle. One very good way to accomplish this would 
be to obtain the sample £rom an area one square foot or 
larger on the surface and then split the sample down to the 
desired size ~th a riffle splitter. The next sample should 
then be rapidly exposed with heavy equipment and sampled 
in the same manner. This process would actually be easier 
than core drilling if it were done while spoil piles were 
being leveled as part of a reclamation program. 
c. Laboratory Procedure. 
The procedure used seems to have been sufficiently 
accurate and precise although no tests of the accuracy or 
precision were made . This process was very long and tedious 
with about ninety steps being required and about three days 
needed to run a batch of samples. An easier, more rapid, 
method is needed even if it is not as accurate. Since the 
data are so scattered by the random distribution of the pyrite 
in the spoils, accuracy is not of paramount importance. A 
simpler laboratory method would allow more samples to be 
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tested which would result in a statistically more represent-
ative set of data. 
One improvement of the laboratory procedure which 
was conceived too late to be used in this study would be to 
establish the tare weight of each sample bottle with the 
hydrochloric acid solution in it. Then after the sample is 
put into the bottle it can be weighed again• with the change 
in weight being the moist weight of the sample. This could 
be easily converted to dry weight by running a moisture 
content test on the remainder of the core. This procedure 
should eliminate about one third of the laboratory work and 
about half o£ the computation. 
D. Hydrologic Studies. 
Further research of this type would profit considerably 
by having hydrologic studies run at the same time. With 
detailed data on the amount o£ water flowing out of the area 
o£ study. both surface runoff and ground water. and the sul-
fate concentrations of that water. it will be possible to 
make estimates o£ the total quantity o£ sulfate that has 
been produced. Then a comparison o£ initial acid potential 
with residual acid potential and total acid produced would 
give an accurate concept of the depth to which oxidation 
extends. 
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